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Intermolecular crosslinking of fatty acyl chains in phospholipids:
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ABSTR-\Cf Phospholipids containing photolysable carhene
precursors (,8-triOuoro-a-diazopropionoxy and m-diazirino-
phenoxy groups) in w-positions of sn-2 fatty acyl chains were
prepared. Photolysis of their vesicles produced crosslinked
products in 40-6{)% yields. Crosslinking was mostly intermo-
lecular and occurred bv carbene insertion into the C-H bonds
of a second fatty acyl chain. Crosslinking products were char-
acterized by (II their gel permeation behavior, (ii) analysis of
produets formed by base-catalyzed transesterification. (iiI)
degradation with phosphoiipases A2 and C, (b') gas chroma-
tography/mass spectrometry, and-(v) use of mixtures of phos-
pholipids carrying thf' carhene precursors and a phospholipid
containing radioactively labeled fatty acyl groups. :\itrenes
generated from the aliphatic or aromatic azido groups in
phospholipids were ur- atisfactory for forming crosslinks by
insertion in C-H bon

A central problem in n:embrane biochemistry is the under-
standing of the interactions between phospholipids and proteins.
Heeently, a chemical approach to the problem was described
(I) ,,-hich im-ohed the use of phospholipids containing pho-
toacth-ab]e groups as part of the fatty acyl chains. Two pho-
toacth-able groups mainly were considered: the azido group
which on photoly5iswould generate nitrene as the intermediate,
and suitab]~ substituted alkyl diazo groups which would pro-
duce the carLene intermediates. We now report on photolytic
studies of phospholipids containing these photoactivable groups.
We show that carbenes photogenerated from trifluorodia-
zopropionyl (2) and diazirinophenoxy (3) groups gh-e rise to
extensiye intermolecular crosslinks bv insertion into C-H
bonds. The main aim of this paper is 'the characterization of
crosslinked products formed upon photolysis of vesicles pre-
pared from phospholipids containing these carbene precursors.
In contrast. nitrenes are not satisfactory for forming intermo-
IITular crosslinks by insertion reactions, and these results are
similar to those of Bayley and Know]es (4).

:\1.-\TERL\LS Al';D METHODS

Materials. Cmde rattlesnake venom (Crotalus ado II/llIItells )
was nsed as the source of phospholipase Az. Phospholipase C
was pnrchased from Sigma. Phospholipids shown in Fig. 1 were
synthesized according to a published procedure (5). Di-[I-tCj_
pa I111itl)yl phosphatidylcho]ine ([I-tCjPam2PtdCho) was syn-
Ilwsizt'd from glycerophosphorylcholine by using [1-]-tCjpal_
rnilic add purchased from New England Nuclear.

Thin-Layer Chromatography (TLC). This was performed
on E\I silica gel plates. The solvents were: A, chloroform/
I11dhanoi' water. 65:25:.t (vo]/ vol); n, ether/chloroform, 10:90
("III/n)!!; and C. chloroform/methanol/acetic acid, 7::3:1
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this facl.

(vo]/voIL Phospholipids were visualized by the molybdenum
blue spray (6) and fatty acids, by the 2',7'-dichlorofluorescein
spray (i).

Phospholipid "esicles. A chloroform so]ution.of the phos-
pho]ipid was evaporated under Nz, and 0.01 M Tris.HCI, pH
7.60.1.j \1 KC] was added. After being flushed with Nz, the
tube was sealed, yortex-mixed for 2 min, and then sonicated in
a bath type sonicator (80 W, 80 KHz at 3.5 A) until a clear so-
]ution resulted (:3~ mini. The concentration of phospholipids
in the yesicles was about 3 mg/m!. Temperatures used for
sonication are indicated individually.

Photolysis of Vesicles. The sample was introduced into a
quartz vessel with a jacket through which circulated aqueous
potassium hydrogen phthalate solution (0.5 or 2.0%, wt/vol).
The ,'essel was placed in the 'center of a RayoI1etphotochemical
reactor equipped with 16 symmetrically placed RPR 3000 .\
or RPR :3.jooA lamps. The temperature of the circulating s0-
lution was controlled by a thermostat. RPR 3000 .\ lamps
emitted 15%of the total radiation at 25.t nm; RPR 3500 Alamps
emitted no radiation below 290 nm. The radiation at 25.t nm

emitted by RPR 3000 ..\ lamps was filtered out by 0.05"0
phthalate solution; the 2% solution filtered out radiation es-
sentially completely up to 315 nm. Progress of photolysis was
followed either by monitoring the disappearance of the char-
acteristic infrared frequency of azido (2100 cm-I) and diazo
(21.t0 cm-1) groups or the UV absorption of diazirine and
cr,p-unsaturated carbonyl groups after extraction (8) of the
reaction mixture aliquots.

Separation of Photolysis Products. After photolysis, the
reaction mixtures were extracted (8), the organic phase was
evaporated, and the residue, as a concentrated solution in
chloroform/methanol 1:1 (vol/vol), was applied to a Sephadex
LH-20 column (2.5 X 100 cm). Elution was performed with the
same soh-ent at a rate of about 60 ml/hr. Fractions were mon-
itored by their phosphorus content or radioactivity.

Digestion with Phospholipase A2' This was performed as
described by Chakrabarti and Khorana (1).

Digestion with Phospholipase C. The digestions were
performed and the reSulting 1,2-diacylglycerides were isolated
as described by Ottolenghi (9).

Abbre,-iations: TI.C, thin-layer chromatography: !I-tC/PamzPtdCho.
1,2-dii Itc palmitoyl-sn-glycero(3)phosphocholine (diI14C)palmitoyl
phosphatidylcholine); iI-tC /Ole2PtdCho. l,2-dilI-tCjoleoyl-sn-glyc-
erO\;3)phosphocholine (di; IIC/oleoyl phosphatidylcholine); GCMS. gas
chromatography /mass spectrometry.
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FIG. 1. Synthetic mixed diacyl phosphatidylcholines with dii-
ferent photoactivable groups in the fatty acyl chains.

Transesterification ~f Phospholipids. To a methanolic s0-
lution\ 1.0ml)of the photolysisproduct (about2 mg)wasadded
10 pi of 0.5 M sodium methoxitle in methanol, and the mixture
was stirred at room temperature for 4 hr. After e\'aporation. the
residue was dissolved in chloroform (500 pI) and washed with
30 m~1 HCI (500 pi). The aqueous layer was remm'ed and the
organic phase containing the methyl esters was washed t\\;ce
with water (500 pl). RemO\'al of the solvent from the organic
phase yielded the fatty acid esters.

RESULTS

Photolysis of I-palmitoyl-2-w-{trifluorodiazopropion-
oxy)lauroyl-sn-glycero(3)phosphocholine (II) vesicles
and characterization of the crosslinked products

Photolysis. The phospholipid (16.5 mg; 20 pmol) in 5.0 ml
of the standard buffer was sonicated for 30-40 min at :3.'5-40:C.
The formation of sealed vesicles was shown by the trapping of
the expected amount of [I~C]glucose when the latter was in-
cluded in the sonication buffer (1). Photolysis of the \'esicles was .
performed at 2S :I::1°C using RPR 3500 Alamps with 2)c p0-

tassium hydrogen phthalate solution as the filter for 15-18 hr.
(The half-life of the diazo group as measured by disappearance
of the diazo group was 4 hr.) The phospholipids were then ex-
tracted (8) and chromatographed on a Sephadex LH-20 ('01-
umn. The elution pattern is shown in Fig. 2. Peak I contained
40 ~ .5)cof the total phosphorus-containing material; peak II
contained the remainder.

Degradation of Crosslinked Product (Peak I, Fig, 2) with
Phospholipase C. The material in peak I (5 mg) was treated
with phospholipase C. The solvents were evaporated in vacuo
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FIG.~. Separation on a SE'phadex LH-~O Ctllumn (~.5 X 100 em)
of the products obtained from thE' photolY$is of l-palmitoyl-2-
w-(trifiuorodiazopropionoxyllauroyl pho:.<phatidykholinE'. ThE' ,;olvenl
was CHCb/CH30H. 1:1 (\"OI/vol). RatE' of E'hltion was 60 ml/hr: frac-
tions WE'recollected every 1.5 min. (/II.,ct I ~Iobilitie:.< of the products
on TLC.

o 40 50

and the residue was dissolved in -Iml of chloroform/methanol,
1:1. :\fter mixing with water (2 mil. the phases were separated
by (-entrifugation. E\'aporation of the organic phase yielded the

0
diglycerides-N"~IR (C;:!HCI3)0: 5.1 (m, IH, -CH -OC-""- ),

4-4.5 (d, 2H, -CH;:!-O-C-~O)' 3.S (d, ] =7 Hz, 2H, -CH2-
OH). 2.35 (t, 7 Hz, 4H, O-C-CH;:!-CH;!-).

The aqueous phase was e\'aporated and the residue was
resuspended in 1.0 ml of water. After remm.al of the precipitate
formed by addition of -1.0ml of 5)c aqueous trichloroacetic acid,
the supernate contained all the phosphate present in the phos-
pholipid. Thus. all of the material present in pe-akI was sensiti\'e
to phospholipase C.

Transesterification of the Diglycerides. Transesterification
using 1'3H]CH,30H followed by partitioning of the dry residue
between chloroform and water ga\'e the ['3Himethyl esters of
the fatty acids in chloroform. Chromatography on Sephadex
LH-20 gave two \\'ell-resol\'ed peaks (a typical separation is
shown below). The second peak corresponded in elution volume
to methyl palmitate. Gas chromatography mass spectrometry
(GC~IS) showed that it contained mainly methyl palmitate and
methyl w-hydroxylaurate. (~Iethyl palmitate: ~I+, TII/e 2iO;
~1+ - 29, 11Ife 2-11; ~I+ - -Ic3,TIIe 227; ~I+ - 31, TII/e 239.
~fethyl w-hydroxylaurate: ~I+ - 18. TII/e 212; ~I+ - 31, TIlle
199; ~I+ - 32, TII/e 198; M+ - 30, m/e 2"00.)The material in
peak I corresponds to the molecular formula C3=3H.5CjF;306
(found, m/e 608.424; calc., mle 608.427) which in consistent
with the adduct expected from the intermolecular insertion of
the carbene intermediate into the palmitoyl chain of the

neighboring phospholipid molecule (Fig. :3.-\).PredominaJlCd
of the ions derived from sequential loss of CI-hO an
CH;!CO;:!CH:3fragments from ~I+ and the formation of the
products of the ~lcLafferty rearrangement (1I1/e for
CI6H;!.F;30~. :340.198 found, :340.186 calc.; TII/~ for
C2oH,36F30~.397.257 found, 397.2.56 calc.; TII/e for C3J-160Z,
74.0:37found. 7-t.0:36calc.) were all ronsistent \\ith the structure
shown in Fig. 3.-\ (10).

Characterization of ~laterial in Peak II of Fig, 2. High-
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H3C-(CHz)n-CH-(CHz)m-C-OCH3I
CHz 0
k- "
<Q)-O-(CH Z )10- C-OCH3

FI(;. 3. General structures of the crosslinked fait\" acid esters
ohtained by using diazo- (A) and diazirinophenoxy (BI phospho-
lipids.

pressure liquid chromatography of material in peak II showed
at least two major and two minor compounds that could not be
separated in pure form. Treatment of the unseparated m~terial
with phospholipase C showed it to be completely sensitive. The
diglycerides thus obtained were transesterified with [3H]_
CH30H as a label. The resulting fatty acid esters were separated
on a Sephadex LH-20 column. Only 4-5% of the total fatty acid
esters applied to the column corresponded to the crosslinked
fatty acids. The major component corresponded to monomeric

. fatty acid esters and GC~tS analysis indicated an approximately
equal mixture of methyl palmitate (}'I+,m/e 270)and methyl
(,:-hydroxylaurate(}'I+- 18, m/e 212).

Photolysis of a mixture of I-stearoyl-2-<.J.{trifluorodiazo-
propionoX)')lauroyl-sn.glycero(3)phospJlocholine(I)
and 1.2-di(I4C)palmitovl-sn.g]ycero(3)Phos r

hocholine
([14C]Pam2PtdCho) and characterization 0 the
crosslinked products

Photolysis. Vesicles were prepared from an equimolar
mixture of 1 and [14C]Pam2PtdCho, and photolysis was per-
formed at 44 ~ 1°C. for 16 hr with RPR 3500 .I.lamps and 2%
aqueous potassium hydrogen phthalate filter. After extraction
of the phospholipids and evaporation of the solvent. the prod-
ucts were separated on a Sephadex LH-20 column (Fig. 4). The
beha\'ior of the two peaks on TLC was similar, respectively, to
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Flc. 4. Sephadex LH-20 column elution pattern of the products
ohtained from the photolysis of vesicles containing an equimolar
111ixt ure of 1-stearoyl-2.w- (t rill uorodiazopropionoxy Ilauroyl phos-
Phatidylcholine and p~C]Pam~PtdCho. Rate of elution was 60 ml/hr:
fractions were collt"cted ever\" 2.0 min. Peak I accountt"d for 7.5-8%
of the total uC. .
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that of the peaks in Fig. 2.
Degradation wiih Phospholipase C. Treatmf'nt of a portion

(4.2 X 105cpm) of the material in peak I with phospholipase
C followed by TLC of the products showed complete disap-
pearance of the starting material. Peak II of Fig. 4 was also
treated similarly. Comparison of mobilities of the diglycerides,
from peaks I and II on TLC and on a Sephadex LH-20 column,
showed that only peak I contained some radioactive material
of molecular weight higher than that of monomeric diglyc-
eride.

.Base-Catalyzed Transesterification. The material in peak
I (8.5 X 1()5cpm) was treated with 5 m~t sodium methoxide in
methanol (1 ml) for 4 hr. The fatty acid esters formed were
isolated and separated on a Sephadex LH-20 column (Fig. 5)
and by TLC (data not shown). Both methods showed the
prese~ of two radioactive compounds in approximately equal
amounts. The first peak moved slower on TLC and corre-
sponded to the dimeric fatty acid ester (Fig. 3A); the second
peak. \\;th higher mobility on TLC, corresponded to authentic
methyl palmitate. Field desorption mass spectral analysis of the
material in peak I showed it to contain crosslinked methyl
palmitate (M+ calc. for C;33Hs906F3, m/e 608; found, MH+ =
m/e 609).

Degradation with Phospholipase A2. The product~ of di-
gestion of a part of peak I with phospholipase A2 that were
analyzed by TLC. Because the carbene formed from phos-
pholipid I may insert into either of the two [HC]palmitoyl
chains in [l4C]Pam2PtdCho, the radioactive products to be
expected would be: (i) palmitic acid; (ii) palmitic acid cross-
linked to w-trifluoropropionoxylauric acid; (iii) 2-lysolecithin
containing a 1-[14C]palmitoyl group; and (iv) 2-lysolecithin
containing a 1-[l4C]palmitoyl group crosslinked to u:-trifluo-
ropropionoxylauric acid. The TLC pattern agreed with this
expectation. Thus, there was a doublet (RF, 0.14 and 0.16) that
consi.qed of Ivsolecithins 3 and 4. I\'ext. there was some in-

completely h;'drolyzed material (RF, 0.32) and, finally, there
were !'pots with RF 0.87 and 0.92, which corresponded to the
aban- crosslinked fatty acid and palmitic acid, respectively. .\5
expected, the radioacti\;ty in Iysolecithins was equal to the sum
of the radioactivity in crosslinked fatty acid and palmitic acid.
From the ratio of the radioactivities present in the last two
products, the extent of crosslin king of the carbene to each one
of the palmitoyl chains of [HC]Pam2PtdCho was calculated to
be ss=twith the sn-2 acyl chain and 65% \\;th the sn-l acyl
chain.

Quantitation of intermolecular carbene insertion: Pho-
tolysis of 1-{14C)palmitoyl-2-w-(trifluorodiazopropion-
o:\:y)lauro)'l- sn-glycero(3)phosphocholine

After photolysis of this phospholipid, which carries a [HC]-
palmitoyl group at m-l and the photolabel at sn-2, the mixture

,
~ 3 C.sH"CO:Me
x ~
~ ,'\ J\
~2 j\ 1\E ° \ ° \0. I °

1u 1 °
c5 ° I \ I Ii \. ~ \ \.-".-r- - 1""-0 I
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F1G_5. Sephadex LH-20 chromatogram of the transesterification
proou\'ts of peak I of Fig. 4. Peak II corrt"sponds to authentic methyl
palmitate. Pt"ak I is tht" crosslinked fatty acyl ester Wi!:. :t4 ).
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